The scattering of electrons in dielectric materials is central to laser nanomachining 1 , light-driven electronics 2 and radiation damage [3] [4] [5] . Here, we demonstrate real-time access to electron scattering by implementing attosecond streaking spectroscopy on dielectric nanoparticles: photoelectrons are generated inside the nanoparticles and both their transport through the material and photoemission are tracked on an attosecond timescale. We develop a theoretical framework for attosecond streaking spectroscopy in dielectrics and identify that the presence of the internal field inside the material cancels the influence of elastic scattering, enabling the selective characterization of the inelastic scattering time. The approach is demonstrated on silica nanoparticles, where an inelastic mean-free path is extracted for 20-30 eV. Our approach enables the characterization of inelastic scattering in various dielectric solids and liquids, including water, which can be studied in the form of droplets.
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The interaction of a dielectric material with photons that have above-bandgap energies inevitably leads to the production of hot electrons propagating through the material. During propagation these electrons can undergo a number of elastic and inelastic scattering events. The inelastic scattering of such electrons can give rise to rapid carrier multiplication via impact ionization, enabling laser nanomachining 1 and limiting the scaling of electronic signal processing towards optical (petahertz-scale) frequencies using extremely strong electric fields 2 by dielectric breakdown. Moreover, secondary electrons represent the main source of radiation damage following tissue irradiation. Thus, knowledge of inelastic electron scattering in a dielectric, such as liquid water, is essential to fully understand how radiation affects living organisms [3] [4] [5] . To understand the phenomena above, we must be able to study collision dynamics in dielectrics for energies ranging from the bandgap energy up to the hard-X-ray regime. However, methods for measuring collision dynamics have been mostly limited to electron energies above ≈50 eV (ref. 6). These methods include the measurement of inelastic mean-free paths (IMFPs), where a meanfree path is the average distance that an electron will travel in a solid between adjacent collision events. Standard IMFP measurements are based on the dielectric description of inelastic scattering of charged particles in condensed matter 7 and elastic peak electron spectroscopy. While progress has been made toward determining IMFPs for very low kinetic energy (of a few electronvolts) by angle-resolved photoelectron spectroscopy 8 , data in the tensof-electronvolt range, where the impact ionization of valenceband electrons strongly dominates the IMFP, are largely missing. Moreover, amorphous dielectric solids such as SiO 2 and liquid water, which can be accessed with our approach, are challenging for rigorous ab initio calculations of IMFPs.
For electron energies in the tens-of-electronvolt range, collisions typically occur in the sub-femtosecond range. We have access to this timescale via attosecond streaking 9 : photoemission inside a solid is initiated by an extreme ultraviolet (XUV) pulse, and the momentum change of released electrons due to a second nearinfrared (NIR) pulse is measured as a function of XUV/NIR pulse delay (see Supplementary Information). To date, this metrology has been applied only to metals [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] or adlayer-covered metals 20, 21 , where the NIR streaking field takes effect only on the surface of the material. The physics for dielectrics, however, is fundamentally different as the released electrons are streaked by the NIR field also inside the solid. Most importantly, until now accumulative charging induced by the XUV pulse has prevented the application of attosecond streaking to dielectrics. Here, we solve this problem by using a continuous stream of nanoscopic targets. Our proof-ofconcept study was focused on silicon dioxide, the most important dielectric material in microelectronics and optics.
In the experiment depicted in Fig. 1 , a stream of isolated 50-nm, SiO 2 nanospheres was delivered into the laser interaction region by aerodynamic lens focusing [22] [23] [24] [25] [26] . Emitted electrons were detected by a kilohertz, single-shot velocity-map imaging spectrometer. This set-up can differentiate images that contain only reference gas from those with nanoparticles, as reference-gas-only frames contain significantly fewer electrons than do those containing nanoparticles (see Fig. 2a ). Further frame selection was obtained by taking into account the asymmetric momentum distribution of nanoparticle electrons originating from shadowing 22, 25, 27 of the XUV field, thus providing an efficient sorting method (see Fig. 2b ,c). This data discrimination provided us with nanoparticle and reference streaking spectrograms (such as those in Fig. 3 ) from the very same experimental data set, that is, for identical laser conditions from a single pulse delay scan. Figure 2d ,e shows discriminated momentum data, averaged over millions of shots, for the reference medium and nanoparticles, respectively.
When analysed as a function of the delay of the NIR with respect to the XUV pulses, t, electron kinetic energy spectra derived from the projected momentum form streaking spectrograms with pronounced delay-dependent oscillations for gas and nanoparticles (see Fig. 3a ,b). The gas reference essentially reflects the NIR pulse vector potential. It further includes temporal shifts due to the Wigner delay 28 and effects from Coulomb-laser coupling 29, 30 . As the long-range potentials of gas and nanoparticles are both Coulomblike, these shifts are assumed comparable for gas and nanoparticles. They effectively cancel each other in the relative delay between the spectrograms, up to remaining short-range effects that are assumed small away from resonances 31 . To extract the delays, we consider isocontour lines for different asymptotic energies (for example, blue and red dotted lines for 25 eV). Individual energy-dependent streaking delays are determined from fits to the respective filtered contour lines (see Supplementary Information). The streaking delays δt SiO2 for SiO 2 and δt gas for the reference gas (symbols in Fig. 3d ) exhibit similar energy-dependent tilts, which are attributed to the XUV pulse properties (XUV chirp, see Supplementary Information for details). Measured nanoparticle frames still contain a small contribution from residual gas (see Fig. 3e ).
We simulated electron emission from nanoparticles by trajectory-based mean-field Mie Monte Carlo transport calculations (M 3 C; ref. 32). XUV photoelectrons generated inside the material are propagated in the NIR near field of the particle and experience elastic and inelastic collisions that have energy-dependent cross-sections (see Supplementary Information for details). The energy-dependent streaking delays, δt SiO2 , extracted from simulated streaking spectrograms for pure nanoparticles (Fig. 3c ) exhibit a tilt similar to that of the experiments (black line in Fig. 3d ) and a global relative streaking delay δt rel = δt SiO2 − δt gas with respect to the delay, δt gas , calculated for gas. The gas data (blue symbols) can be fully reproduced (blue line) by taking into account the XUV chirp.
For a quantitative comparison, we combined simulated spectrograms of gas and nanoparticles using a single mixing factor such that the signal ratio found in the experiments is reproduced (see Fig. 3e ). Streaking delays extracted from this mixed nanoparticle data (red line in Fig. 3d ) show good agreement with the experiment. This supports that the model accurately reflects the relevant phenomena under scrutiny and that other factors are of minor importance.
The agreement between the experimental data and simulation results motivates a closer analysis of contributions to the relative streaking delay to gain insight into the relevant processes. The first two contributions to the absolute SiO 2 streaking delay δt SiO2 = δt offset + δt chirp + δt fields + δt coll describe the carrierenvelope phase of the streaking field plus the XUV-NIR delay axis offset (δt offset ) and the XUV chirp (δt chirp ). These two terms represent the residual gas delay and thus cancel out in the resulting relative streaking delay δt rel = δt SiO2 − δt gas = δt fields + δt coll (see Supplementary Information for details). Since the contribution δt fields , characterizing the retardation and inhomogeneity effects of the NIR and XUV near fields, is negligible (see Supplementary Information), the remaining term from electron scattering within the solid, δt coll , provides the dominant contribution that is illustrated in Fig. 4 . In the relevant energy range, interband excitations constitute the dominant inelastic scattering channel 33 and result in an energy loss comparable to the bandgap energy (≈9 eV for SiO 2 ), removing the inelastically scattered electrons from the spectral region of interest, that is, the high-energy part of the streaking trace. We therefore focus on electrons without inelastic collisions, which determine the high-energy signals (see inset of Fig. 3d ). For clarity, we discuss the effect for a fully transparent material (unit permittivity). Electrons with charge q generated at time t 0 with initial momentum p 0 have a final momentum p f = p 0 + qA(t 0 ) after escaping along the surface normal (green arrow in Fig. 4a ) without any collisions. Here A(t) is the vector potential whose tangential components are assumed to be zero. The streaking trace that results from these directly emitted electrons (green curve in Fig. 4b ) characterizes the streaking field vector potential, A(t), and is thus equivalent to gas-only traces.
In contrast, electrons that leave after elastic, isotropic scattering at time t c (red symbol in Fig. 4a ) are essentially indistinguishable from direct electrons generated at time t c (see Supplementary  Information for details) . Each elastic collision acts as a new 'birth' for an electron such that electrons with final elastic scattering time t c have an average final momentum p f ≈ p 0 + qA(t c ), yielding a streaking trace shifted by t c (red curve in Fig. 4b ). The final spectrogram is an average of shifted streaking traces, each weighted with the corresponding emission current. As the emission current reflects the population decay resulting from interband excitations, the streaking delay is very sensitive to the inelastic scattering time (Fig. 4c) . M 3 C simulations with varying scattering parameters reveal the quantitative effects of elastic and inelastic scattering on the relative streaking delays (Fig. 5a) , namely a weak dependence on the elastic scattering time, and a strong dependence on the inelastic scattering time. The impact of a material's permittivity at the streaking field wavelength is shown in Fig. 5b . Irrespective of the permittivity, represented by the field attenuation factor α = 1/ε r , the streaking delay increases with inelastic scattering time. However, in both the transparent (α → 1) and the metal (α → 0) limits, the delays remain strongly influenced by the elastic scattering time. With increasing elastic scattering time, delays decrease toward the transparent limit but increase toward the metallic limit. These opposing trends reflect the effect of the internal field attenuation and, most importantly, almost vanish for α ≈ 0.3. The identification of this cancellation is one of the major results of our analysis as it enables the direct retrieval of inelastic scattering times for a range of dielectric materials. The streaking delay's high sensitivity to the inelastic collision time justifies its extraction from the full M 3 C simulations, which match the experimental data in Fig. 3d using a scaled Lotz cross-section. We find τ inel ∼ 370 as at 25 eV in SiO 2 . Figure 5c shows comparison of the resulting electron IMFP in SiO 2 obtained here between 20 and 30 eV with results found in the literature 6, [34] [35] [36] . Note that best agreement is found with the work reported in ref. 34 , where the authors state that their data in the range of 10-40 eV are unreliable and serve only as a trend. With IMFPs obtained via the demonstrated approach the predictive capability of theoretical models for scattering in dielectrics can now be thoroughly tested.
In summary, our joint experimental and theoretical work uncovers the physics encoded in attosecond streaking on dielectrics and resolves the characterization problem of inelastic scattering in these materials. Attosecond streaking in dielectrics differs from metals where the NIR streaking field takes effect only on the surface of the material. The presence of the field inside the dielectric determines the importance of elastic and inelastic scattering on the streaking delay. We found that for most dielectric materials the streaking delay is largely independent of the elastic scattering time thus enabling the characterization of inelastic scattering. The accessible energy range depends only on the photon energy of the attosecond pulse, which even currently covers tens of electronvolts to kiloelectronvolts and might be further extended in the future. Our approach permits characterization of inelastic scattering in a wide range of dielectric solids and liquids, including amorphous dielectrics such as water, which could be inserted in the form of droplets or as a thin jet. Direct access to IMFPs in dielectrics for a wide range of energies including the otherwise inaccessible range below 50 eV holds promise for improving our understanding of radiation damage. Data availability. The data that support the plots within this paper and other findings of this study are available from the corresponding authors on reasonable request.
